gawa, and Adam M. Sun. Hypertonicity increases CLC-5 expression in mouse medullary thick ascending limb cells. Am J Physiol Renal Physiol 287: F747-F752, 2004. First published May 25, 2004 10.1152/ajprenal.00229.2003.-Genetic studies indicated that mutations of the chloride channel CLC-5 in the kidney are responsible for a group of clinical disorders, collectively called Dent's disease. In the kidney, CLC-5 was found to be expressed in the proximal tubule, medullary thick ascending limb (mTAL) of loop of Henle, and intercalated cells of the collecting tubule. In proximal tubular cells, CLC-5 was found to play an important role in receptor-mediated endocytosis. However, the functional roles of CLC-5 in mTAL and collecting tubules remain unclear. Because mTAL is normally exposed to a hypertonic environment, we aimed to examine the effect of hypertonicity on CLC-5 expression in this nephron segment. Our studies revealed that exposure to hypertonicity (up to 550 mosM) increased CLC-5 mRNA and protein levels in a murine mTAL cell line (MTAL) but not in an opossum kidney (OK) proximal tubular cell line. A similar effect was also found in mouse kidneys, where CLC-5 expression was enhanced in renal medulla, but not cortex, after 48 h of water deprivation. We also tested the effect of hypertonicity on endocytotic activity and found that exposure to hypertonicity caused a significant decrease in cellular uptake of FITC-labeled albumin in OK but not in MTAL cells. Our results suggest that CLC-5 expression is upregulated by hypertonicity in mTAL cells but not in proximal tubular cells. We speculate that the increased CLC-5 levels in mTAL may serve to maintain the endocytotic activity in a hypertonic environment.
In the kidney, CLC-5 was found to be expressed in the proximal tubule, medullary thick ascending limb (mTAL) of loop of Henle, and intercalated cells of the collecting tubule. In proximal tubular cells, CLC-5 was found to play an important role in receptor-mediated endocytosis. However, the functional roles of CLC-5 in mTAL and collecting tubules remain unclear. Because mTAL is normally exposed to a hypertonic environment, we aimed to examine the effect of hypertonicity on CLC-5 expression in this nephron segment. Our studies revealed that exposure to hypertonicity (up to 550 mosM) increased CLC-5 mRNA and protein levels in a murine mTAL cell line (MTAL) but not in an opossum kidney (OK) proximal tubular cell line. A similar effect was also found in mouse kidneys, where CLC-5 expression was enhanced in renal medulla, but not cortex, after 48 h of water deprivation. We also tested the effect of hypertonicity on endocytotic activity and found that exposure to hypertonicity caused a significant decrease in cellular uptake of FITC-labeled albumin in OK but not in MTAL cells. Our results suggest that CLC-5 expression is upregulated by hypertonicity in mTAL cells but not in proximal tubular cells. We speculate that the increased CLC-5 levels in mTAL may serve to maintain the endocytotic activity in a hypertonic environment. chloride channels; water deprivation; endocytosis OVER THE PAST DECADE, CHLORIDE channels have gained great attention for their roles in membrane excitability and transepithelial transport. Thus far, nine different mammalian chloride channels (CLC), including CLC-K1, CLC-K2, and CLC-1 to CLC-7, have been identified (1, 4, 15, 16, 18, 19, 30, 36 -38, 40) . Mutations of different chloride channels have been linked to a range of clinical conditions including CLC-1 in myotonia congenita, CLCNKB (human gene for CLC-K2) in Bartter's syndrome, and CLC-5 in Dent's disease, X-linked recessive nephrolithiasis (XLRN), X-linked recessive hypophosphatemic rickets, and low-molecular-weight (LMW) proteinuria/nephrocalcinosis (21, 26, 28, 34, 38) . Clinical features reported among patients afflicted with various inactivating CLC-5 mutations include varying degrees of LMW proteinuria, hypercalciuria, hyperphosphaturia, nephrocalcinosis, nephrolithiasis, urinary concentrating defect, and renal failure.
In the kidney, CLC-5 has been localized to proximal tubules (6, 11, 22, 31, 38) , medullary thick ascending limb (mTAL) (6, 22, 38) , and intercalated cells (6, 11, 29, 31) in collecting tubules (38) . In proximal tubular cells, CLC-5 colocalizes with subapical endosomes, where it plays an important role in receptor-mediated endocytosis (RME) through its function as an electrical shunt to neutralize the electrogenic hydrogen transport by V-H ϩ -ATPase (11, 22, 31, 32, 43) . More recent studies have further suggested that CLC-5 may also be involved in RME in other cell types including mouse collecting duct cells (33) and rat intestinal cells (42) .
In addition to RME, the role of CLC-5 in calcium metabolism has also been an area of great interest due to its localization in nephron segments responsible for calcium reabsorption and the hypercalciuric phenotype noted in disorders associated with inactivating CLC-5 mutations. The possibility that CLC-5 may participate in renal calcium transport was suggested by the finding that CLC-5 expression in renal cortex is under the regulation of parathyroid hormone and that CLC-5 expression in the kidney inversely correlated with urinary calcium excretion (35) . The notion that hypercalciuria is an abnormality intrinsic to the kidney was further supported by the finding that Dent's disease patients may be cured of their hypercalciuria by a successful kidney transplantation (8, 34) . However, other reports have raised the possibility that CLC-5 may be linked to gastrointestinal absorption of calcium and that hypercalciuria observed in patients with inactivating CLC-5 mutations may represent a secondary event (23) .
Although the functional role of CLC-5 in mTAL is unclear, we aimed in our current study to examine the effect of hypertonicity on CLC-5 expression in a murine mTAL cell line, the MTAL cells. We found that exposure to hypertonicity increased CLC-5 expression in MTAL cells but not in opossum kidney proximal tubular cells, the OK cells. We also found that exposure to hypertonicity suppressed endocytotic activity in proximal tubular cells but not in MTAL cells.
MATERIALS AND METHODS

Materials.
The culture media (DMEM/Ham's F-12) were purchased from Irvine Scientific (Santa Ana, CA). Tissue culture plates were purchased from Nunc Interlab (Thousand Oaks, CA). Radioisotopes were purchased from ICN Biochemicals (Irvine, CA). The FITC-labeled BSA and other chemicals were purchased from Sigma (St. Louis, MO).
Cell cultures. Two cell lines were used in our studies: OK cells (obtained from Dr. D. M. Shoback, UCSF, San Francisco, CA) and mouse mTAL cells (25) . Cells were cultured in 1:1 DMEM/Ham's F-12 at 37°C in a 95% air-5% CO 2 incubator and used when monolayer confluence was reached. To test the effect of hypertonicity, the cells were incubated in culture media made hypertonic by adding mannitol. To improve cell tolerance to tonicity changes, the tonicity of the culture media was increased in a stepwise fashion by adding 125 mM mannitol during the first 24 h. This was followed by the addition of another 125 mM mannitol, and the cells were further incubated for another 48 h. To avoid any potential complicating effects from humoral factors in the serum, serum-free culture media were used in our studies.
Animals. To examine the effect of hypertonicity in vivo, C57BL/6J male mice, weighing 20 -30 g, were used. Mice were obtained from Jackson Laboratory (Bar Harbor, ME) and were housed in a climatecontrolled vivarium and allowed free access to food (Purina mouse chow, Ralston-Purina, St. Louis, MO) and water. To study the effect of dehydration on CLC-5 expression in the kidney, the mice were deprived of water for 48 h. After euthanasia by neck dislocation under halothane anesthesia, the kidneys were immediately removed for the dissection of cortical and outer medullary tissues. The current study was approved by our institutional review board.
Northern blot analysis. Cell and tissue RNA were isolated using the Ultraspec RNA isolation system (Biotecx Laboratories, Houston, TX) according to the manufacturer's instructions. For Northern blot analysis, 5 g of total cellular RNA were size-fractioned on a 1.0% formaldehyde/agarose gel in 1ϫ MOPS buffer (20 mM MOPS, 8 mM sodium acetate, 1 mM EDTA, pH 7.0) and transferred to nylon membranes (Pierce, Rockford, IL). The blots were probed with a biotinyl-labeled CLC-5 RNA probe and detected by chemiluminescence according to the manufacturer's instructions (Pierce). To make the CLC-5 RNA probe, a 2.1-kb PCR product of CLC-5 cDNA exon 12 was first obtained by using the ClC-5 sense (5Ј-ATTGGATCCG-GCCGGCCTGGAGGAATA GGTTCTTCAAATAG-3Ј) and antisense (5Ј-ACATATCCATGGTCTGTAATGTCC-3Ј). This PCR product was cloned into pGEM-T easy (Promega, Madison, MI), sequence verified, and then used to produce the RNA probe by using a North2South in vitro transcription kit according to the manufacturer's instructions (Pierce). A RNA probe for GAPDH was used to ensure consistent sampling. Scanning and analysis of the Northern blot for the calculation of ClC-5:GAPDH mRNA ratio were performed by the VersaDoc Imaging System (Bio-Rad, Hercules, CA).
Western blot analysis. Cell lysates were prepared from OK and mTAL cells in 0.25 M sucrose, 20 mM imidazole, 1 mM EDTA lysis buffer, pH 7.4, containing complete protease inhibitors (Roche Molecular Biochemicals, Brussels, Belgium) and briefly sonicated (3 pulses, 40% intensity; Branson Sonifier 250, Danbury, CT). A postnuclear supernatant was obtained after centrifugation at 16,000 g for 1 min at 4°C, transferred (200 l) into fresh tubes containing 5 l of 10% SDS, and heated at 95°C for 90 s (12) . Protein concentrations were determined with the bicinchoninic acid protein assay (Pierce), using BSA as the standard.
Cell lysates were separated by SDS-PAGE and transferred to nitrocellulose as previously described (6) . After being blocked, membranes were incubated overnight at 4°C with the affinity-purified anti-CLC-5 antibodies (1:1,000 dilution), washed, incubated for 1 h at room temperature with anti-rabbit IgG peroxidase-labeled antibodies (Dako), washed again, and visualized with enhanced chemiluminescence (Amersham Pharmacia Biotech). Affinity-purified antibodies (SB-499) raised in rabbits against the NH2 terminus of human CLC-5 have been extensively characterized previously in mammalian kidney and various renal cell lines (17, 43) . Ponceau red (Sigma) staining and reprobing with monoclonal antibodies against ␤-actin (Sigma) verified the transfer efficacy. The experiments were performed in duplicate.
Characterization of MTAL cell line. Total RNA was extracted from MTAL cells using Ultraspec RNA (Biotex). Ten micrograms of total RNA were reverse-transcribed using oligo (dT)20 and ThermoScript reverse transcriptase (Invitrogen, Merelbeke, Belgium) as recommended by the manufacturer. cDNA was amplified using the Expand Long Template PCR system (Roche Applied Science). Primers for amplification of Tamm-Horsfall protein (THP) and Na ϩ -K ϩ -2Cl Ϫ cotransporter (NKCC) were as follows: THP, sense 5Ј-TCTAGCTG-GAGCCAGTAACTCA-3Ј, antisense 5Ј-AGTCCTGGCTCACAG-GAGCTT-3Ј; and NKCC, sense 5Ј-GTGCATTGTCTTAACAG-GCG-3Ј, antisense 5Ј-GTGTTTGGCTTCATTCTCCC-3Ј. The predicted lengths of the resulting PCR fragments were 417 bp (THP) and 279 bp (NKCC). PCR amplification was carried out at 94°C for 2 min followed by 40 cycles at 94°C for 10 s, 60°C for 30 s, and 68°C for 7 min for final extension. The PCR products were separated on 2% agarose gel containing 5 g/ml ethidium bromide and visualized over a UV light box (Versadoc Bio-Rad).
RT-PCR and semiquantitative real-time RT-PCR.
In parallel with protein extraction, part of the MTAL cell pellets was homogenized in TRIzol (Invitrogen) and total RNA was extracted according to the manufacturer's instructions; 2.7 g total RNA were treated with DNase I, Amp Grade (Invitrogen) according to the manufacturer's instructions and reverse-transcribed into cDNA using SuperScript II.
Changes in CLC-5 mRNA levels were determined by semiquantitative real-time RT-PCR (iCycler IQ System, Bio-Rad) using SYBR Green I detection of single PCR product accumulation.
Primers for amplification of CLC-5 GAPDH were as follows: CLC-5, sense 5Ј-ACCACGTACAGTGGCTTTCC-3Ј, antisense 5Ј-AATGCTCGGAAGAAACAGGA-3Ј; and GAPDH sense 5Ј-tgcaccaccaactgcttagc-3Ј, antisense 5Ј-ggatgcagggatgatgttct-3Ј. The predicted lengths of the resulting PCR fragments were 113 bp (CLC-5) and 176 bp (GAPDH).
Real-time semiquantitative PCR analyses were performed in triplicate with 200 nM of both sense and antisense primers in a final volume of 25 l using 1 U of Platinum Taq DNA Polymerase, 2 mM MgSO 4, 400 M dNTP and SYBR Green I (Molecular Probes, Leiden, The Netherlands) diluted 1:100,000.
The PCR mix contained 10 nM fluorescein for initial well-to-well fluorescence normalization. PCR conditions were 94°C for 3 min followed by 40 cycles of 30 s at 95°C, 30 s at 61°C, and 1 min at 72°C. The melting temperature of the PCR product was verified at the end of each PCR by recording the increase in SYBR Green fluorescence on slow renaturing of DNA (initial denaturation at 98°C for 1 min followed by stepwise decrease in the temperature by 10-s steps of 0.5°C).
To exclude amplification from contaminating genomic DNA, samples of RNA that had not been reverse-transcribed were run in a parallel PCR reaction: these controls always remained negative. For each assay, standard curves were prepared by serial fourfold dilutions of the MTAL cDNA. The relative changes in the CLC-5/GAPDH mRNA ratio between MTAL and MTAL high-osmolality cells were determined by 2 ⌬⌬Ct after normalization to GAPDH, where ⌬⌬Ct is the difference in ⌬Ct between MTAL high osmolality and MTAL control.
Endocytosis assay. Endocytotic activity was determined by measuring cellular uptake of FITC-labeled albumin. Uptake was performed at 37°C in a solution containing (in mM) 120 NaCl, 5.4 KCl, 1.2 CaCl2, 0.8 MgCl2, 0.8 Na2HPO4, 0.2 NaH2PO4, 5.5 glucose, 10 HEPES, pH 7.4, with FITC-labeled albumin 200 g/ml and terminated by repeated washing at 4°C with the same solution except for albumin. When the effect of hypertonicity was tested, the cells were preexposed to hypertonicity for 48 h as previously described and the endocytosis assay was performed with the same uptake solution but with the addition of 250 mM mannitol. The cells were subsequently lysed by detergent (Triton X-100, 0.1% vol/vol in MOPS solution at pH 7.4), and the fluorescence intensity released from the cell was measured by a spectrofluorometer at an excitation wavelength of 480 nm and an emission wavelength of 520 nm. The protein content of each sample was quantitated by using Coomassie brilliant blue G250 with BSA as the standard. Nonspecific binding of albumin was determined in separate samples treated in a similar fashion, except for uptake being performed at 4°C, and was subtracted from other samples.
Statistical analyses. At least three determinations were obtained for each data point, and the experimental data are expressed as means Ϯ SE. The significance of differences was analyzed by Student's t-test for unpaired data.
RESULTS
Characterization of MTAL cells.
To ensure our cultured MTAL cells retain their characteristics, the expressions of the NKCC and THP were examined. The expected bands for THPs and NKCC at 417 and 279 bp, respectively, are shown in Fig. 1 .
Effect of hypertonicity on CLC-5 expression in MTAL and OK cells. The exposure of MTAL cells to hypertonicity induced a significant upregulation of CLC-5 mRNA expression in MTAL compared with controlled cells with CLC-5/GAPDH mRNA ratios 3.58 Ϯ 2.52 vs. 0.83 Ϯ 0.48, respectively, n ϭ 6, P Ͻ 0.01 (Fig. 2) . In contrast, incubation of OK cells in a similar hypertonic culture medium did not affect the CLC-5/ GAPDH ratio (0.98 Ϯ 0.34 vs. 0.79 Ϯ 0.14, n ϭ 6, P ϭ not significant; Fig. 2 ). The increase in CLC-5 mRNA level in MTAL cells was further confirmed by semiquantitative and real-time PCR. Analyses performed in triplicate similarly revealed that culture of MTAL cells in hypertonic conditions induced a 2.5-fold (256 Ϯ 19%) increase in CLC-5 expression vs. control conditions. As shown in Fig. 3 , immunoblot analyses performed on lysates obtained from the same pellets used for mRNA extraction also showed that culture of MTAL cells in hypertonic conditions also induced an upregulation of CLC-5 at the protein level. In contrast, no such effect was observed in OK cells.
Effect of water deprivation on CLC-5 expression in mouse kidneys. To correlate the results from our in vitro model to an in vivo setting, we tested the effect of dehydration on CLC-5 expression in mouse kidney cortex and medulla. For these studies, mice were deprived of water intake for 48 h before kidney tissues were obtained. As shown in Fig. 4 , the CLC-5 mRNA expression increased to a greater extent in outer medullary tissues (3.74 Ϯ 0.58-fold) compared with a minimal increase in cortical tissues (1.47 Ϯ 1.01-fold). The increase in CLC-5 expression in the outer medullary tissues was further confirmed by immunoblot analysis (Fig. 5) .
Effect of hypertonicity on endocytotic activity. Because CLC-5 has been suggested to play an important role in RME in proximal tubular cells (11, 22, 31, 32, 43) and other cell types (33, 42) , studies were performed to test the effect of hypertonicity on endocytosis in MTAL and OK cells. In these studies, cellular endocytotic activity was determined by measuring the uptake of FITC-labeled albumin as previously described (10) . At baseline, the endocytotic activity was significantly higher in OK cells than in MTAL cells (2.05 Ϯ 0.34 vs. 0.77 Ϯ 0.04 g⅐ mg protein Ϫ1 ⅐30 min Ϫ1 , n ϭ 6, P Ͻ 0.0001). As shown in Fig. 6 , preincubation of OK cells to hypertonic culture media for 48 h caused a significant decrease in albumin uptake. In contrast, MTAL cells maintained the uptake activity at the baseline level over the same study period.
DISCUSSION
Direct studies on the functional role(s) of CLC-5 and its regulatory factors within the MTAL nephron segment are lacking. To our knowledge, this is the first study to demonstrate that hypertonicity enhances CLC-5 expression in MTAL cells. Raising the culture medium tonicity increased both CLC-5 mRNA and protein levels in MTAL cells but not in OK cells. Similarly, in water-deprived mice, where an increase in renal medulla tonicity is expected, CLC-5 expression was increased compared with the cortex, where the tonicity remains relatively constant. The mechanism whereby hypertonicity and water deprivation increase CLC-5 expression is unclear. It is not known whether the induction of CLC-5 is mediated by a tonicity-responsive enhancer-binding protein signaling mechanism. In addition, it is also unknown whether the upregulation of CLC-5 by water deprivation is directly related to increased medullary tonicity or to humoral mediators such as antidiuretic hormone and/or renin-angiotensin. The former possibility may be supported by our in vitro studies where only serum-free culture medium was used.
The physiological significance of enhanced CLC-5 expression with hypertonicity and dehydration is not known. Given the known function of CLC-5 in RME in proximal tubular cells (11, 22, 31, 32, 43) and possibly other cell types including collecting duct (33) and intestinal cells (42) , it is possible that a similar role may exist in the mTAL nephron segment. Our albumin uptake studies revealed that endocytosis takes place in MTAL cells, albeit at a lower extent than that observed in OK cells. Our results also showed that exposure to hypertonicity had no effect on CLC-5 expression and reduced endocytotic activity in OK cells. In contrast, hypertonicity enhanced CLC-5 expression with no appreciable change in endocytotic activity in MTAL cells. Based on the presumed role of CLC-5 in RME in other cell types, we speculate that the observed increase in CLC-5 expression in MTAL cells may serve to maintain normal endocytotic activity and compensate for the reduction in endocytosis due to hypertonicity. Because MTAL cells are regularly exposed to a hypertonic environment, they may have developed a mechanism to upregulate and maintain adequate endocytosis activity under these conditions. Proximal tubular cells, on the other hand, do not require this regulatory mechanism because of their relatively constant isotonic environment and are hence susceptible to hypertonicity-induced suppression of endocytosis.
We recognize that despite our current findings, evidence for the involvement of CLC-5 in endocytosis in the mTAL segment remains circumstantial and speculative. However, one of the unique features of this nephron segment is the secretion of THP into the lumen through an exocytosis process (2, 14, 24) . Similar to endocytosis, exocytosis also requires vacuolar acidification for a variety of functions, such as hydrolysis of macromolecules, release of ligands from receptors, and processing of preproproteins (9) . Indeed, previous immunocytochemical studies have demonstrated the presence of vacuolar H ϩ -ATPase pumps in subapical endosomes of mTAL segment (3). As other CLC isoforms have been implicated in playing a role in the exocytosis process (5, 7, 39) , and in some cases, specifically in maintaining the electrical neutrality with endosomal acidification (39) , it is conceivable that CLC-5 may play a similar role in the mTAL nephron segment. Inactivating mutations of CLC-5 in the mTAL segment may thus contribute to ineffective delivery of THP to the apical cell surface membranes, as suggested by preliminary data showing an increased expression of THP mRNA in the kidneys of CLC-5 knockout mice (Devuyst O, Guggino S, and Guggino WB, unpublished observations). These data support the hypothesis that the loss of CLC-5 in the mTAL segment could result in modified THP turnover due to its altered clearance and expression. Because THP has been implicated in rendering the thick ascending limb water impermeable and potentially inhibiting calcium Although there was a significant decrease in albumin uptake in OK cells (n ϭ 6, P Ͻ 0.0001) after 48 h of exposure to hypertonic media, MTAL cells (n ϭ 6, P ϭ not significant) maintained their baseline albumin uptake activity over the same study period. stone formation (20) , we speculate that any ineffective THP delivery to the mTAL apical surface may contribute to the urinary concentrating defect and facilitate the development of nephrolithiasis observed in patients with inactivating CLC-5 mutations. Another interesting aspect regarding THP is its potential autoantigenic role in inducing tubulointerstitial nephritis and renal tissue damage (13, 24, 41) . The improper accumulation and distribution of THP within the kidney may promote diffuse nonspecific inflammatory responses and subsequent renal failure. Indeed, kidney biopsies from patients with different CLC-5 mutations showed nonspecific tubular atrophy, interstitial fibrosis, and glomerulosclerosis (27, 34) .
In summary, we showed that hypertonicity upregulates the expression of CLC-5 at the transcriptional level in MTAL cells but not in OK cells. Water deprivation in mice similarly enhanced CLC-5 expression in renal outer medulla but not in renal cortex. Although the baseline endocytotic activity was lower in MTAL cells compared with that of OK cells, hypertonicity suppressed endocytosis in OK cells but not MTAL cells. We speculate that the upregulation of CLC-5 in MTAL cells under hypertonic conditions may play a role in maintaining their endocytotic and possibly exocytotic activity. In view of the possible association between CLC-5 and THP trafficking and the role of THP in inhibiting calcium stone formation, further studies on the functional role of CLC-5 in the mTAL nephron segment would be of great interest.
